AlPO 4 and Al 2 O 3 -AlPO 4 mixed catalysts of different composition (Al/P > 1) were prepared and calcined in the temperature range 350-650ºC. Such catalysts were characterized by DTA and X-ray diffraction methods, and by nitrogen adsorption studies at -196ºC. Their acidity was determined using a calorimetric titration method while their catalytic activity towards the dehydration of isopropanol was determined using a pulse microcatalytic technique. The data obtained from XRD studies showed that pure AlPO 4 when calcined at 650ºC had a rather low crystallinity with its crystalline structure (which is of the a-cristobalite type) being characterized by poorly developed peaks. However, significant changes in the texture, surface acidity and catalytic activity were observed as a result of changing the chemical composition of the solid, with the surface area, total pore volume and surface acidity generally increasing with increasing alumina content. Sintering commenced above 550ºC leading to a decrease in the surface area and to pore widening. Dehydration of isopropanol appeared to be insensitive to the structure of the catalysts investigated but was related to the surface acid density.
Effect of Chemical Composition on the Structure and Catalytic Behaviour of AlPO 4 and Al 2 O 3 -AlPO 4 Mixed Catalysts INTRODUCTION
The surfaces of solids based on binary systems of AlPO 4 with Al 2 O 3 , TiO 2 and ZrO 2 have been reported as exhibiting acid-base properties. These systems have been used as catalysts for various acid-catalyzed reactions such as the isomerization of cyclohexene (Campelo et al. 1986 ), the conversion of alcohols (Campelo et al. 1995; El-Hakkam et al. 1995) and the cracking of arenes (Deya et al. 1982 ). In addition, these binary systems have been used as improved supports with high surface areas, thermal stabilities and mechanical strengths for metal catalysts (Bautista et al. 1987; Campelo et al. 1988) . Over the past few decades, considerable success has been achieved in correlating the catalytic activities of these catalyst systems with their surface acidities. Thus, many authors have observed that the acidic properties and hence the catalytic activity of these catalyst systems are strongly dependent on the method of preparation, the thermal treatment, the presence of doping ions and the metal oxide/AlPO 4 weight ratio (Campelo et al. 1990; Blanco et al. 1992; Petrakis et al. 1991) .
In this regard, SnO 2 supported on AlPO 4 catalysts has been characterized previously by Mostafa and Youssef (1988) . Although the hydration activities of the catalysts could be correlated with their surface acid densities, they were found to be insensitive to structural changes. More recently, in separate work from our laboratory, Mostafa (1998) showed that the MoO 3 -AlPO 4 system could catalyze the cracking of cumene, a process known to be promoted by strong acid sites. The cracking activity was related to the number of Brönsted acid sites on the catalyst surface. Studies have also been made of the dehydration of ethanol and isopropanol over the Co 3 (PO 4 ) 2 -AlPO 4 system (Mostafa and Ahmed 1998) when it was shown that the number of acid sites per unit surface area could be taken as a measure of the dehydration activity.
In the present study, the effects of thermal treatment and chemical composition on the structural, textural and acidic properties of pure AlPO 4 and of mixed Al 2 O 3 -AlPO 4 catalysts have been investigated and the influence of these parameters on the catalytic dehydration of isopropanol investigated.
EXPERIMENTAL

Catalyst preparation
Pure aluminium phosphate (AP, Al/P = 1) was precipitated by the addition of 15% NH 4 OH to aqueous solutions of AlCl 3 6H 2 O and H 3 PO 4 (85%). The addition of NH 4 OH was continued with vigorous stirring at 7ºC until the pH of the system attained a value of 6.5. Mixtures of Al(OH) 3 and AlPO 4 gels, AAPI, AAPII and AAPIII, having Al/P atomic ratios of 1.25, 1.75 and 2.5, respectively, were coprecipitated at 7ºC using the same concentration of NH 4 OH and a pH value of 7.5. The resulting gels were washed with doubly-distilled water until free from chloride ions and then dried at 90ºC for 48 h. Portions of each catalyst were calcined in air for 6 h at 350, 450, 550 and 650ºC, allowed to cool to room temperature under vacuum conditions and then stored in a dessicator before use. In the following text, the catalysts obtained have been designated so that the calcination temperature directly follows the sample number; thus sample AAPII-450 stands for the catalyst having an Al/P ratio of 1.75 calcined at 450ºC.
Techniques
Differential thermal analyses of the various preparations were performed in air using a DTA 50 thermoanalyzer (Shimadzu, Japan) at a heating rate of 10ºC/min, the inert reference material employed being a-Al 2 O 3 . X-Ray diffraction (XRD) patterns of the calcined products were taken using a Philips type PW 1840 X-ray diffractometer employed Ni-filtered Cu radiation.
The adsorption of nitrogen at -196ºC was measured for all the calcination products. Prior to such adsorption, each solid was outgassed in situ for 4 h at 300ºC under a reduced pressure of 10 -6 Torr. The acidities of all the samples were determined via the amine titration method in dry benzene using a calorimetric technique (Walvekar et al. 1976 ). The dehydration of isopropanol was chosen as the catalytic test reaction and was undertaken at 320ºC using a pulse microreactor connected to a flame ionization detector (Hewlett-Packard 5890 GC chromatograph). The sample (75 mg) was activated in situ by heating at 300ºC for 2 h in a flow of dry air (at 40 ml/min), followed by purging with a nitrogen stream at a flow rate of 30 ml/min for 2 h at the desired reaction temperature. Then a 2 × 10 -3 ml volume of isopropanol was injected over the preactivated samples using nitrogen gas as a carrier at a flow rate of 30 ml/min to remove the reaction products. Figure 1 shows the differential thermograms for the original samples pre-dried at 90ºC. Evidently, all the samples studied exhibited an endothermic change at ca. 120ºC, with the peak becoming more developed with increasing alumina content. This endothermic effect corresponds to the removal of physisorbed water from the samples. The differential thermograms for AAPII and AAPIII (alumina-rich samples) showed an additional endothermic effect at ca. 290ºC that may be related to the decomposition of aluminium hydroxide to the oxide phase. Neither AP nor AAPI exhibited this endothermic effect.
RESULTS AND DISCUSSION
Structural properties
The thermal products obtained by calcination of the initial samples at 550ºC and 650ºC were selected for XRD investigation and their corresponding patterns are depicted in Figure 2 . It will be seen that the XRD patterns of all samples thermally treated at 550ºC exhibited patterns corresponding to completely amorphous structures, with only a very broad hump covering the 2q range of 15-30º being detected. However, calcination of AP and AAPI at 650ºC led to the development of poorly defined peaks characterizing the crystalline structure of AlPO 4 [similar to that of a-cristobalite (d'Yvoire 1962)]. These peaks were not apparent in the patterns for AAPII-650 and AAPIII-650. It would appear that the presence of a certain amount of alumina in the Al 2 O 3 -AlPO 4 catalysts retarded the crystallization of AlPO 4 at temperatures 650ºC.
Textural properties
Nitrogen adsorption at -196ºC was reversible and led to the formation of closed hysteresis loops. Such isotherms exhibited characteristics typical of both type II and type IV in the classification of Sing et al. (1985) . Representative adsorption/desorption isotherms for nitrogen at -196ºC are Figure 3 . These allowed calculation of the BET specific surface areas (S BET ), total pore volumes (V P ) and mean pore radii ( _ r) of the solid catalysts. These values are listed in columns 2, 5 and 6, respectively, of Table 1 .
The V l versus t method of de Boer (1970) was also employed to differentiate between the types of pores existing in the various samples. The corresponding surface areas, S t (m 2 /g), were calculated from the slopes of the linear parts of the V l -t plots passing through the origin. Typical V l -t plots for some selected samples are shown in Figure 4 and the S t areas of all the samples are listed in column 3 of Table 1 .
Such V l -t plots indicated the co-existence of micro-and meso-pores in all the catalysts investigated, their relative proportions depending on the calcination temperature and the chemical composition of the catalysts. Generally, the fraction of microporosity decreased with increasing calcination temperature and with increasing Al/P atomic ratio. Inspection of the data recorded in Table 1 reveals the following:
The S t values are in fair agreement with the S BET values indicating that the cited values describe the textural properties in a satisfactory manner.
(ii)
Pure AlPO 4 (sample AP) exhibited the lowest surface area. The surface area and the total pore volume of this particular sample were found to decrease with increasing calcination temperature.
(iii)
For the Al 2 O 3 -AlPO 4 mixed catalysts, the surface areas and the total pore volumes generally increased on increasing the calcination temperature from 350ºC to 550ºC, thereby indicating that activation occurred over this temperature range. These two parameters decreased when the calcination temperature was increased further from 550ºC to 650ºC due to the onset of sintering. The observed values of the mean pore radii demonstrate more clearly the existence of sintering above 550ºC for all the catalysts studied.
Surface acidity
The titration of surface acidic groups with n-butylamine as a probe molecule is considered one of the most convenient methods for determining the acidity and acid strength of solid catalysts. This method has been applied in the present investigation. Column 4 of Table 2 lists the acidity values of the samples investigated expressed as mmol/g catalyst, while column 3 gives the surface acid density, i.e. the number of acid sites per unit surface area. It will be seen that the acidity values for the calcination products of AAPIII are the highest listed while those of AP are the lowest. It will also be seen that the acid values increased as the calcination temperature was increased in the range 350-450ºC. A further increase in the calcination temperature to 550ºC led to a decrease in these acid values. Below 550ºC, dehydroxylation involving the removal of non-acidic -OH groups may occur (Mikhail et al. 1979 ) which leads to a relative increase in the number of acidic groups present. The decrease of acidity observed at 550ºC may be attributed to the partial decomposition of acidic sites and to sintering of the solid catalyst.
Dehydration of isopropanol
The catalytic conversion of alcohols proceeds via two different mechanisms, viz. dehydration (DHD) to alkenes and/or dehydrogenation (DHG) to aldehydic or ketonic products. In the presence of the catalysts prepared in this study, the conversion of isopropanol was found to proceed exclusively via DHD to propene. This means that the investigated catalysts contained no dehydrogenation (DHG) sites and that the catalysts exhibited 100% DHD selectivity. The percentage DHD of isopropanol at 320ºC is listed in column 5 of Table 2 .
As indicated by the data, the calcination products of AP exhibited the lowest DHD activity while those of AAPII gave the highest. Intermediate activities were measured for the other catalysts. It has been shown (Youssef and Mostafa 1988; Youssef et al. 1980 Youssef et al. , 1989 that the surface plays an important role in many catalytic reactions in determining the catalyst activity. However, it would appear that in the present study the surface was not an important factor in the dehydration of alcohols. Furthermore, the DHD ability of the catalysts decreased with increasing surface area (see Table 2 ). It has also been proposed that acidic centres on the surface are responsible for the dehydration of alcohols (Chen and Li 1992; Mostafa et al. 1991) , with the dispersion of these acidic centres on the surface probably determining their accessibility to the alcohol molecules. To clarify the role of surface acid density (i.e. the number of acid sites per unit surface area) in determining the dehydration activity, the surface acid density has been plotted as a function of % DHD activity in Figure 5 . The linear relationship obtained indicates the importance of surface acid density as a catalytic parameter, the slight scatter depicted in the figure indicating the roles played by other factors. The straight line obtained intersects the surface acid density axis at 5.6 × 10 14 which could be taken to represent the minimum number of acid sites required to enhance the DHD of isopropanol.
On the basis of the above-mentioned results and discussion, it is possible to conclude that the dehydration of isopropanol proceeded via the E1 mechanism (Eucken and Wicke 1947) indicated in Scheme 1. This mechanism requires not only the presence of Brönsted acid centres to form the carbonium ion but also base centres to allow b-elimination to occur in the next step. IR studies of AlPO 4 have suggested the presence of isolated and paired -P-OH groups as well as O=P-OH groups all behaving as Brönsted acid centres while oxygen atoms in P-O and P-O-Al groups correspond to the Lewis basic sites (Harber and Szybalska 1981; Campelo et al. 1986; Moffat et al. 1985) . Such acid-base centres may be the adsorption sites on the catalyst surface for the DHD of isopropanol to propene, the surface area of the centres being the active surface responsible for catalytic dehydration.
